Intensive forestry has led to changes in the structure and function of boreal forests and to the endangerment of forest-dwelling species. Different management methods, such as retention forestry, have been developed to counter the negative biodiversity impacts, although forest use has intensified at the same time: for example, stumps and logging residues are commonly harvested for biofuel. This thesis examines the potential impacts of biofuel harvest, retention forestry and prescribed burning on epiphytic lichen assemblages in pine-dominated boreal forests. In addition, post-harvest dynamics of retention trees were studied to assess their capacity to support species diversity in the early successional forests. The study is based on a large, empirical dataset collected in eastern Finland from 24 study sites that were treated experimentally with a combination of retention harvest and prescribed burning, and, additionally, from 13 sites that represent different stages of forest succession.
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INTRODUCTION
Northern boreal forests have changed markedly in the past century due to intensive forest management, which has created structurally simple, even-aged forest stands that have, to a large extent, replaced structurally diverse late-successional forests (e.g. Esseen et al., 1997; Siitonen, 2001; Cyr et al., 2009) . Furthermore, forest dynamics have changed as clear-cutting has largely replaced natural disturbances, such as windstorms or wildfires (Esseen et al., 1997) . Young forest stands that originate from clear-cuttings are markedly different from those that develop after natural disturbances, since clear-cut stands lack the structural legacies, such as dead wood, that are generally left by natural disturbances (Franklin et al., 2000; Kouki et al., 2001; Swanson et al., 2010) . These changes in the structure and dynamics of boreal forests have led to the endangerment of many forest-dwelling species (Rassi et al., 2010) . Recently, forest use has intensified even further as the rising demand for renewable energy has resulted in an increase in the harvest of forest biomass, such as stumps and logging residues, for energy production (Helmisaari et al., 2014) . On the other hand, the negative impacts of intensive forestry on biodiversity have received increasing attention over the past two decades, and various methods have been developed for more ecologically sustainable forest use that aims to halt the loss of diversity in the managed forests Lindenmayer et al., 2012) ; for example, development of sustainable forest management is currently supported by various international forest policies and regulations (MacDicken et al., 2015) . Enhancing species diversity in managed forests is necessary as the area of protected forest throughout the boreal region is low (Schmitt et al., 2009; MoralesHidalgo et al., 2015) and not sufficient to sustain viable populations of forest-dwelling species (Lõhmus et al., 2004 ).
Retention forestry and prescribed burning
Retention forestry was first introduced in the Pacific Northwest in the 1990s and has since become a widely applied practice, particularly in northern Europe and North America . It refers to the retention of part of the living trees or dead wood on the harvested site in order to provide structural legacies similar to those that occur after natural forest disturbances. These legacies increase the structural variability of the sites (Gustafsson et al., 2010; Kruys et al., 2013; Lõhmus et al., 2013) and enhance habitat connectivity at a landscape scale (Franklin et al., 1997) . The retained trees can also "life-boat" populations of species on the harvested site through the early successional phases Baker et al., 2015) to function as dispersal sources in the regenerating forest stand (Sillett and Goslin, 1999; Hedenås and Hedström, 2007) . Sites with retention trees have been shown to have higher levels of species richness and abundance of forest-dwelling species than clear-cut sites (Fedrowitz et al., 2014) . While retention forestry adds structural variability on harvested sites, it lacks an important feature of natural forest dynamics: forest fires. In the past, fire has been one of the most important disturbances in the boreal forest (Zackrisson, 1977) and, consequently, several forest-dwelling species have specialized in fire-related habitats, such as dead and charred wood or young successional stands that originated from fires (Esseen et al., 1997) . During the last century, fire frequency has decreased notably in many areas of the boreal region, for example in Fennoscandia (Zackrisson, 1977; Linder and Östlund, 1998; Granström, 2001) , as well as in large parts of North America (Wallenius, 2011) . This has led to a loss of firerelated habitats and, consequently, a decline in species dependent on them. To compensate for the decrease in wildfires, prescribed burning of mature stands, as well as retention cuts is currently practiced in Finland (Similä and Junninen, 2012) and Sweden (Olsson and Jonsson, 2010) . Prescribed burning has been found to be beneficial for certain species groups, such as beetles (Hyvärinen et al., 2005; Hjältén et al., 2010a) and also for polypore fungi over longer timescales (Olsson and Jonsson, 2010; Penttilä et al., 2013; Suominen et al., 2015) .
To evaluate the benefits of retention forestry -also when applied in combination with prescribed burning -it is necessary to understand the post-harvest dynamics of the retention trees, as this determines their role and effectiveness as legacy structures. In general, tree mortality increases after harvest in comparison to uncut stands (Bladon et al., 2008; Lavoie et al., 2012) . It can be affected by both stand-and tree-level factors: tree mortality is usually lower when the retention level is high (Scott and Mitchell, 2005; Busby et al., 2006; Solarik et al., 2012) or when the trees are retained in groups rather than dispersed (Scott and Mitchell, 2005) . Tree-level factors, such as tree species, diameter or height may also affect mortality rates (e.g. Bladon et al., 2008; Lavoie et al., 2012) ; for example, trees with larger height-diameter ratios tend to be more susceptible to windthrow (Scott and Mitchell, 2005) . However, a majority of the studies that have addressed the mortality and dynamics of retention trees have been conducted in North American boreal and temperate forests (e.g. Busby et al., 2006; Bladon et al., 2008; Lavoie et al., 2012) , and the results may not be applicable elsewhere due to differences, for example, in tree species composition and climatic conditions (Lavoie et al., 2012) or in the applied harvesting methods, such as the volume of retained trees . Furthermore, tree mortality following fire has been assessed only in closed forests (e.g. Hely et al., 2003; Sidoroff et al., 2007) : the effect of prescribed burning on retention tree mortality has not been examined so far, even though it would be critical to know in order to properly evaluate the effectiveness of this combined practice as a part of sustainable forest management.
Forest biofuel harvest
Despite the wide application of sustainable forest management methods, such as retention forestry, there is also pressure to intensify forest use in the boreal region by harvesting biomass for renewable energy production. Currently, retention forestry and intensive biomass harvest can be applied on the same harvested site despite their apparently opposing aims, and the combined effect of these measures on the stand-level biodiversity is not clear. One source of forest biomass are stumps and logging residues (i.e. slash) collected from clear-cut sites. During the last decade, the volume of slash and stumps harvested for energy has increased markedly in the boreal and northern temperate forests (Directive 2009 /28/EC… 2009 Bradley, 2010) , particularly in Fennoscandia. For example, slash was harvested from 30% and stumps from 10% of all clear-cut sites in 2012 in Finland (Asikainen et al., 2013) .
Harvest of slash and stumps (hereafter "biofuel harvest") increases the intensity of forest use in comparison to conventional stem-only-harvesting (Walmsley and Godbold, 2010) and may cause marked changes in the forest ecosystems, especially if practiced on a large scale. The most significant impacts on forest-dwelling species are related to reduction of dead wood: biofuel harvest can decrease the total volume of dead wood on a harvested site by 40% (Eräjää et al., 2010) . This is problematic particularly in Fennoscandia where the amount of dead wood in managed forests is already very low in comparison to old-growth stands, and as such many dead wood-dependent species have consequently become threatened (Siitonen, 2001) . Even though coarse woody debris (CWD) is usually regarded as the most important substrate for dead wood-dwelling species, stumps and slash (or fine woody debris (FWD) in general) can also host species-rich assemblages of basidio-and ascomycete fungi (Kruys and Jonsson, 1999; Nordén et al., 2004; Juutilainen et al., 2014) , epiphytic lichens (Caruso et al., 2008; Svensson et al., 2013) , bryophytes (Humphrey et al., 2002) and saproxylic beetles (Hjältén et al., 2010b) . Large-scale biofuel harvest can be a threat to these species, as stumps and slash constitute a major part of the dead wood available on clear-cut sites (Eräjää et al., 2010; Lõhmus et al., 2013) and may thus currently be a significant resource for the species.
Epiphytic lichens and intensive forest management
The species group addressed in this thesis are epiphytic lichens, i.e. bark-and wood-dwelling species of lichenized fungi as well as lichenicolous fungi and saprotrophic calicioid fungi (traditionally treated by lichenologists in floristical and ecological research). Epiphytic lichens are an important component of forest ecosystems (Ellis, 2012) : they participate in the water and nutrient cycles, as well as in the forest food webs, providing forage and habitats for several invertebrates, birds and small mammals. Epiphytic lichens tend to be sensitive to the impacts of forestry: forestry reduces the amount of lichen-rich substrates, such as old trees or CWD (Jääskeläinen et al., 2010) and leads to the fragmentation of forest landscapes with increased distances between suitable habitat patches, which restricts many epiphytic lichens to old-growth forests with sufficient habitat continuity (Sillett et al., 2000b; Hilmo and Såstad, 2001 ). In Finland (Jääskeläinen et al., 2010) and Sweden (Thor, 1998) commercial forestry has been proposed as the most important threat to lichen species. The current status of Finnish lichen species is alarming: in the latest Finnish Red List, 44% of the assessed lichen species are classified as threatened or near-threatened, and the main factors threatening lichens are related to forestry (Jääskeläinen et al., 2010) . To halt this negative development, it is necessary to examine in detail the impacts of different forest management methods on epiphytic lichens.
Retention forestry has the potential to reduce the negative impacts of forest management on epiphytic lichens. Studies on lichen diversity and survival rates on retention trees show that despite an initial decline of species' abundance after harvest and low survival rates due to high irradiation (Jairus et al., 2009) , retained trees can provide habitats for various specialized lichen species (Lõhmus et al., 2006; . Small lichen populations can persist on the living retained trees for over 10 years after harvest Lundström et al., 2013) . However, studies in European boreal forests have concentrated mainly on retained aspen trees (Populus tremula L.), and since aspen has quite specific lichen assemblages (Kuusinen, 1996 ) the results may not be applicable to other tree species. In particular, the importance of retained Scots pines (Pinus sylvestris L.) for lichen diversity is poorly studied, even though pine-dominated forests are widespread throughout northern Europe. Dead, retained Scots pines can host high lichen diversity (Runnel et al., 2013) , however lichen assemblages on living retained Scots pines have not been studied so far.
In comparison to retention forestry, the impact of prescribed burning and the significance of fire-related habitats for epiphytic lichen species are less studied. The immediate effect of burning on lichens is known to be negative (e.g. Vanha-Majamaa et al., 2007) , but post-fire succession has so far been mainly assessed for ground-dwelling macrolichens (Johansson and Reich, 2005; Holt et al., 2008) . Only a few studies have reported the response of epiphytic macrolichens after fire (Bartels and Chen, 2015) or colonization of charred wood by epiphytic species (Johansson et al., 2006; Lõhmus and Kruustük, 2010) . In the short term, charred wood is colonized by common species with high dispersal capacity (Eversman and Horton, 2004; Johansson et al., 2006) . Still, certain lichen species, such as Carbonicola anthracophila (Nyl.) Bendiksby & Timdal and C. myrmecina (Ach.) Bendiksby & Timdal as well as Hertelidea botryosa (Fr.) Printzen & Kantvilas seem to be specialized in burned substrates and have been found to occur predominantly on dead pine snags or stumps with charred wood (Grossmann, 2014; Källén, 2015) .
While ecologically sustainable management measures may increase lichen diversity in managed forests, biofuel harvest can pose a threat especially for dead wood-dwelling lichens. The studies conducted so far suggest that the slash of Norway spruce (Picea abies (L.) Karst.) is not a significant substrate for lichens (Caruso et al., 2011) , but spruce stumps on clear-cut sites can host species-rich assemblages (Caruso and Thor, 2007; Caruso and Rudolphi, 2009; Svensson et al., 2013) . Diverse lichen assemblages are also known to occur on old stumps in mature forests (Kuusinen and Siitonen, 1998; Humphrey et al., 2002; Nascimbene et al., 2008b) , but since both stand age and decay stage (Nascimbene et al., 2008a) affect the composition of lichen assemblages on dead wood, further research is needed to determine the value of older stumps for epiphytic lichens (however, see Caruso and Rudolphi (2009) for lichens on spruce stumps). The impacts of retention forestry and prescribed burning on the species assemblages that occur on stumps and slash have not been studied either. For example, retention trees may function as a source of dispersal (Sillett and Goslin, 1999) or alter the microclimate of the harvested site (Hautala et al., 2011) , and thus affect the species assemblages on stumps and slash. Therefore, retention forestry or prescribed burning on harvested sites can alter the habitat value of stumps and slash.
Thesis aims
This thesis focuses on the effectiveness of retention forestry and prescribed burning for sustaining species diversity in Scots pine-dominated boreal forests, and on the potential impacts of biofuel harvest on species diversity. The first objective was to study the postharvest dynamics of retained trees in order to assess their capacity to maintain species diversity in early successional forests; the second objective was to examine the impact of retention forestry and prescribed burning on epiphytic lichen species richness and composition; the third objective was to estimate the potential impact of biofuel harvest on the epiphytic lichen assemblages that occur on stumps and FWD.
Specifically, the studied questions were:
1. Do retention level, prescribed burning after harvest and tree-level factors (e.g. tree species, diameter) impact the post-harvest mortality of retained trees that are the main substrate for epiphytic lichens in harvested stands? (Studies I, II) 2. Do the species richness and composition of epiphytic lichens on retained Scots pines and their dead wood legacies 11 years after harvest differ from those on old-growth stands, or between retention levels? (Study III) 3. What are the effects of prescribed burning on the species richness and composition of epiphytic lichens on retention trees and their dead wood legacies as well as on stumps and FWD 11-12 years after burning? Do the effects depend on the retention level? (Studies III, IV) 4. Which lichen species occur on stumps and FWD of Scots pine on recently harvested sites, on mature managed sites and on old-growth forests, and are they potentially threatened by biofuel harvest? (Study IV) 5. Do retention forestry and prescribed burning mitigate or deepen the potential impact of biofuel harvest on the epiphytic lichen assemblages? (Study IV)
METHODS

Study sites and experimental design
The data for all four studies were collected from the municipality of Lieksa, in eastern Finland (approximately 63° N, 30° E, with an elevation above sea level ranging between 150-200 m). The area is on the border of the southern and middle boreal zones (Ahti et al., 1968) . The study design included two parts: the experimental study system (Studies I-IV) and the successional study system (study IV). The experimental study system (studies I-IV) was initiated in 2000 (e.g. Hyvärinen et al., 2005; Junninen et al., 2008; Kouki, 2013) and is comprised of 24 study sites, each 3-5 ha in size (Figure 1 ). Before the experimental treatments, the sites were approximately 150 year old, moderately dry forests dominated by Scots pine. Norway spruce and birch (Betula pendula Roth and B. pubescens Ehrh.) were also common on the sites, whereas aspen, grey alder (Alnus incana (L.) Moench), goat willow (Salix caprea L.) and rowan (Sorbus aucuparia L.) occurred in smaller numbers. The sites had not been intensively managed, though some selective, low-intensity harvesting had taken place during the late 1800s or early 1900s. Before the treatments, the volume of living trees or dead wood did not differ between the treatment groups (Hyvärinen et al., 2005) . The distance between the different study sites varied, but with the exception of a few sites, it was always greater than one kilometer.
The experimental treatments consisted of two factors: retention level and burning. Eighteen of the sites were harvested in winter 2000-2001, at living retention tree levels of either 0, 10 or 50 m 3 ha -1 . The trees were retained mainly in small groups, but each retention harvested site also had several dispersed trees. In addition, six uncut sites were used as controls. After the harvests, half of the sites in each harvest category (including the controls) were burned in June 2001. This resulted in a total of eight different treatment combinations, each replicated in three sites (Figure 2 ). The treatments were randomly allocated to the sites, except for the uncut control sites, which had to be situated inside the nearby Patvinsuo National Park in order to guarantee that they would not be harvested in the future.
The successional study system (study IV) consisted of 13 sites (Figure 1 ), including five old-growth sites (over 150 years old), four mature managed sites (50-80 years old), and four sites harvested with living retention trees (10-15 m 3 ha -1 ) 5-6 years ago. All sites were dry, Scots pine -dominated stands of at least 2 ha in size. The selection of the sites was based on a cluster design: four old-growth forests were selected from the forest database of Metsähallitus, and one mature managed and one harvested stand were visually selected from the surroundings of each old-growth site. This resulted in four clusters with one old-growth, one mature managed and one harvested site in each; a fifth old-growth site was added later to increase the sample size. Figure 1 . Location of the study sites. Circles refer to the experimental study sites (black circles = burned sites, white circles = unburned sites) and triangles to the successional study sites.
Figure 2. The experimental study design. Each of the eight treatments (combinations of prescribed burning and harvest) was replicated on three study sites.
Inventory of retention tree dynamics
Retention tree dynamics were studied on the 12 experimentally treated study sites at the 10 or 50 m 3 ha -1 retention levels (studies I-II). Before the treatments, all trees that were to be retained were numbered individually and mapped, and the species, diameter at breast height (1.30 m) and height of each tree were recorded. The trees were re-inventoried in summer 2001 (one month after the treatments) and again in 2005, 2008 and 2011 . During each of these inventories, the condition of each tree was assessed, and the trees were marked either as living, standing dead or fallen.
Lichen inventories
Lichen species were inventoried from Scots pines on 18 sites of the experimental study system (including the harvested sites with retained trees and control sites, excluding sites where the retention level was 0 m 3 ha -1 ) during summer 2012 (study III). On each site, the aim was to randomly select and inventory 15 Scots pines (including 5 living trees, 5 standing dead trees and 5 fallen trees), however the actual number of selected trees per site varied since it was not always possible to find five trees of each type on some of the sites. All retained trees had been alive at the time of the harvest and the selected dead trees were legacies of retention trees that had died after the harvest. All lichen species were inventoried from the trunks of standing trees below a height of 2 m, and along 2 m from the base for fallen trees.
Lichens were inventoried from stumps and FWD on all 24 study sites of the experimental study system (study IV). Four 2 x 8 m study plots were established on each site; on the sites with retention trees, two plots were situated close to the tree groups and two further away. The volume of FWD (all dead wood objects with a diameter of 1-10 cm) and stumps was measured from these plots in 2012 and lichen inventories were carried out in the same plots in 2013. The FWD of Scots pine was examined for 30 minutes on each plot with the aim of finding as many lichen species as possible. In addition, lichen species were inventoried from eight Scots pine stumps situated closest to the center of the plot. Five of these stumps were created during the harvest in 2000 and three were older specimens; either natural or stumps cut before 2000. On the control sites, only these older stumps were inventoried. The total number of inventoried stumps was 32 on each harvested site and 12 on each control site.
On the successional study sites (study IV), lichen species were inventoried at a stand scale in 2010 and 2011. A 2 ha plot was delineated on each site without prior knowledge of the lichen biota, and all substrates were examined over a 4 hour period within this plot with the aim of finding as many lichen species as possible. For each species, all inhabited substrate types (e.g. trunk or branches of living trees, standing or downed CWD, stumps, FWD) were recorded. These data were used to evaluate whether lichen species inhabit the stumps and slash of Scots pine and other dead wood substrates, which may be destroyed during the biofuel harvest, and whether they can be found on other substrate types and tree species as well.
If a lichen species could not be identified immediately in the field during the inventories, samples of unidentified specimens were collected for later laboratory examination that included microscopy and standard thin-layer chromatography (TLC) to detect lichen compounds. Some species were treated collectively due to taxonomic difficulties. The nomenclature of lichen species follows Jääskeläinen et al. (2015) .
Data analyses
The impacts of burning, retention level and monitoring year on the stand-level mortality of retention trees were examined with a factorial repeated measures analysis of variance (study I). The analyses were performed separately for different tree species (pine, spruce and deciduous trees). In study II, the effects of tree-level factors on the dynamics of individual trees were modelled using Cox proportional hazards regression (Cox, 1972) . Two separate models were fitted: the first described the survival of the trees after harvest (time from harvest until tree death) and the second described the fall rate of the dead trees (time from tree death until tree fall). The factors considered were tree species (pine, spruce or deciduous), diameter, height/diameter ratio and location of the tree (in group or dispersed).
A two-way analysis of variance was used to study the impacts of burning and retention level on the mean species richness of epiphytic lichens on the retained trees (study III). Separate analyses were performed for macrolichens (species with foliose or fruticose thallus) and microlichens (species with crustose thallus), since species morphology can affect their response to forestry (e.g. Ellis and Coppins, 2006; Johansson et al., 2006; Hedenås and Hedström, 2007) . In addition, the analyses were done separately for living trees, standing dead trees (i.e. snags) and fallen trees (i.e. logs). Non-metric multidimensional scaling (NMS) and multi-response permutation procedure (MRPP) were used to study the differences in lichen species composition between the experimental treatments. The MRPP was also performed separately for living trees, snags and logs. In addition, a set covering approach was used to assess the value of the three tree types (i.e. living trees, snags and logs) for lichen diversity. In this analysis, the smallest possible combinations of living trees, snags and logs required to maintain all observed lichen species were calculated.
General linear models were used to study the effects of burning, retention level and substrate volume on lichen species richness on FWD and stumps (study IV). The models were run separately for different substrates: FWD, new stumps and old stumps. Two models were run for both new and old stumps: the first described the total number of species per site ("stand scale"), and the second the average number of species per stump on each site to assess the abundance of lichens ("stump scale"). The composition of lichen assemblages on FWD and stumps was studied with NMS and MRPP. These analyses were performed both with the data collected from the experimental study sites as well as with the data from the successional study sites.
The statistical analyses were performed with IBM SPSS Statistics 19.0 (Studies I, III and IV; IBM Corp., Armonk, New York, USA), package survival of R (Study II; Therneau, 2015) and PC-ORD 5.0 (Studies III-IV; McCune and Mefford, 1999) .
RESULTS AND DISCUSSION
Retention tree dynamics
The post-harvest mortality of the retention trees was high: 55% of the inventoried trees or 59% of their total volume died during the 10-year survey period (I, II). Prescribed burning significantly increased mortality rates: on the unburned sites 32% of the trees or 34% of the total volume died, while on the burned sites the proportion of dead trees was notably higher; 95% of the trees or 84% of the total volume (I, II). Tree mortality on the unburned sites was fairly constant between years and between retention levels, whereas on the burned sites mortality rates were highest during the first post-fire years (I). Burning is known to result in a similar peak in mortality rates in mature forests, where fire-injured trees generally die within 2-3 years (DeBano et al., 1998) .
On the burned sites, mortality rates also differed between retention levels. At the lower retention level, virtually all trees died within four years; on the sites with the high retention level, mortality was high immediately after burning, with 75% of the retention tree volume dying during the first four years, but after this mortality rates decreased so that the sites still had approximately 10 m 3 ha -1 of living trees ten years after fire (I). The difference may be due to a higher fire intensity at the lower retention level, caused by a larger amount of dry, easily flammable logging residues (Sidoroff, 2001) . Furthermore, the retention tree groups were slightly larger at the higher retention level, which possibly resulted in lower fire intensity and thus lower mortality rates within the groups. In study II, the risk of mortality was found to be lower for grouped than dispersed trees on both burned and unburned sites. Previous studies have explained this by a lower risk of windthrow in the groups (e.g. Lavoie et al., 2012) , however the tree groups studied here were apparently too small to offer any protection against wind, since the proportion of fallen trees was actually higher within the groups than among dispersed trees (II).
At the tree level, the risk of mortality decreased with increasing tree diameter on the burned sites (II). This result could be expected, since larger trees tend to have thicker bark that provides protection against the flames; in addition, the risk of crown scorch is generally smaller for large trees due to a higher crown baseline (Harmon, 1984; Hely et al., 2003) . On the unburned sites, diameter still had a positive effect on the survival of pines and deciduous trees, while in contrast spruces with larger diameters had higher mortality rates (II). This can be explained by an increased risk of windthrow, since large trees are more exposed to wind than smaller ones (Solarik et al., 2012) , and spruce is more susceptible to windthrow than pine or birch (Peltola et al., 2000) . Thus, on both burned and unburned sites, spruce had the highest mortality rates when larger trees (diameter over 20 cm) were compared, while among smaller trees spruce appeared to survive as well or even better than the other tree species (II). However, the latter result is more likely to be due to the low number of small-diameter pines in the data rather than an actual difference in survival rates.
The majority (81%) of the retention trees that died after harvest also fell down during the 10-year survey period (II). Tree fall was common in the first post-treatment years, but declined with time (I), and this finding is consistent with previous observations (e.g. Busby et al., 2006; Urgenson et al., 2013) . The proportions of fallen trees and snags did not differ between burned and unburned sites ten years post-harvest (II), although as a result of the significantly higher mortality rates the volume of snags was higher on the burned sites, especially during the first post-treatment years (I). At the unburned sites, the volume of snags remained lower and fairly constant throughout the survey period (I). On all sites, the risk of tree fall varied among tree species (II), as has also been observed in previous studies (e.g. Bladon et al., 2008; . Pines were most likely to remain as snags, while spruces were three times more likely and deciduous trees two times more likely to fall (II). As noted also by previous studies (e.g. Scott and Mitchell, 2005; Lavoie et al., 2012) , the risk of tree fall increased with increasing diameter and height-diameter ratio for all tree species (II).
Epiphytic lichens' occurrence on harvested sites
Retained trees, their dead wood legacies (i.e. snags and logs), stumps and logging residues form the main substrates for epiphytic lichens in harvested boreal forest stands. In studies III and IV, the lichen assemblages were inventoried from all these substrates, and they were found to sustain high species richness on the harvested sites. When all the harvested study sites were combined, 85 species were found to occur on living retention trees, snags or logs, while 83 species were found on stumps and 59 species on FWD (III, IV). The majority of the lichens that inhabited the inventoried trees, stumps and FWD were common and mostly generalist species, but both retention trees and stumps also hosted Red-Listed lichen species. Although these were generally more common in closed forests, some species, such as Hertelidea botryosa, Cladonia parasitica (Hoffm.) Hoffm. and Alectoria sarmentosa (Ach.) Ach. were also found in the harvested sites (III, IV). In addition, several species regarded as specialists on dead wood substrates ) occurred on stumps, snags and logs (III, IV). Thus, living Scots pines, their dead wood legacies and stumps appear to be essential substrates for epiphytic lichens on harvested sites. The total species number on FWD was clearly lower than on stumps and, more importantly, FWD was inhabited mainly by common species with no particular conservation concern (IV). Therefore, FWD can be considered a less valuable habitat for epiphytic lichens, which is in accordance with previous studies from Sweden (Caruso et al., 2008; Svensson et al., 2014; 2016) .
In addition to surviving on the retention trees, several lichen species had also colonized the newly exposed substrates on harvested sites within a decade. In particular, several species were found on the exposed wood of dead retention trees or on the cut surfaces of stumps: these substrates were colonized after the harvest. Colonization had also occurred on logging residues, which hosted various dead wood-and ground-dwelling species, such as Placynthiella icmalea (Ach.) Coppins & P. James and Trapeliopsis granulosa (Hoffm.) Lumbsch. Epiphytic lichens have been also previously found to colonize living retention trees Lundström et al., 2013) , snags (Runnel et al., 2013) , as well as stumps and logs (Caruso et al., 2010) on harvested sites 5-18 years post-harvest.
Retention trees
When lichen species richness was compared between the harvested and old-growth control sites, the retained Scots pines, snags and logs displayed a species richness comparable to the trees on the old-growth sites (III). In addition, species richness was similar between the two studied retention levels; 10 and 50 m 3 ha -1 (III). Previous studies have also shown that live retained aspens (Hedenås and Hedström, 2007; Lundström et al., 2013) and birch on harvested sites sustain as rich lichen assemblages as do living trees in mature forests. Similarly, lichen species richness has been found to be comparable between old and young forest stands on dead wood substrates .
However, even though lichen species richness was similar between harvested and control sites the species composition on the living retention trees differed considerably (III), which would indicate that the ability to colonize and persist on harvested sites varied between lichen species. Specifically, microlichens were found to be more vulnerable to the impact of harvest than macrolichens: the mean species richness of microlichens was lower on harvested than old-growth control sites, even though the actual difference in species number was fairly low (III). Indeed, lichen morphology is regarded as important in determining their ability to survive in open sites (Jairus et al., 2009) . High light levels can be harmful for microlichens, especially those that lack a protective cortex (Hedenås and Hedström, 2007; Jairus et al., 2009) , while certain foliose macrolichens may, on the contrary, benefit from the increased light (Sillett et al., 2000a; Gauslaa et al., 2006) or from higher precipitation at ground level after harvest (Boudreault et al., 2013) .
To date, studies on the significance of retention forestry for epiphytic lichens have concentrated on living trees, even though dead wood is also an important substrate for lichens (e.g. Lõhmus and Lõhmus, 2001; Spribille et al., 2008) . Snags and logs in particular are considered to be key habitats for epiphytic lichens in the boreal pine forests, especially for species with crustose thallus (Esseen et al., 1997) . Recently, Runnel et al. (2013) showed that dead retention trees, especially Scots pine snags, also host diverse lichen assemblages. The high lichen richness found on dead Scots pines on both harvested and control sites in study III is in agreement with their results. In general, snags have been regarded as a more valuable lichen habitat than logs (Kuusinen and Siitonen, 1998; Humphrey et al., 2002; Runnel et al., 2013) , which in turn are often more important for bryophytes. However, the results of the set-covering approach showed that logs in both harvested and old-growth control sites are also valuable habitats for epiphytic lichens, as broadly similar numbers of living pines, snags and logs were required to support all observed species, and each of these substrate types hosted unique species (III). The importance of downed CWD was further supported by the high species richness and number of Red-Listed species found on downed CWD and on root plates of pine on the successional study sites in study IV.
FWD and stumps
Lichen species richness on FWD was similar between all harvested and old-growth sites, after controlling for the substrate volume (IV). FWD was mainly occupied by generalist species, which were apparently able to tolerate the environmental changes that followed harvest. On new stumps, stand-scale species richness was slightly higher on the sites with the higher retention level than on the clear-cuts (IV). The retention trees possibly increased species numbers by functioning as dispersal sources to the stumps; this would explain why the effect of retention was apparent only on new stumps, but not on the old ones that were already occupied by lichens and probably offered less free surfaces for colonization (IV). Also microclimatic effects can affect the occurrence of lichens on cut sites (Caruso et al., 2011) , but these were not likely to be significant in study IV, as retention levels comparable to those on the experimental study sites should have had a minimal impact on the microclimate (Heithecker and Halpern, 2006) .
The age and decay stage of dead wood generally affect lichens species richness and composition (Nascimbene et al., 2008a; Botting and DeLong, 2009; Caruso and Rudolphi, 2009 ). The effect of substrate age was visible for stumps; while total species number remained fairly similar, a clear difference in assemblage composition was observed between the new (9 years old) and older (pre-harvest) stumps (IV). Notably, the older stumps hosted more dead wood specialists and Red-Listed species. A positive effect of stump age on the number of specialist lichen species has also been found by Svensson et al. (2013) who explained this by a longer colonization period to the older stumps; a longer colonization time may be important particularly for rare species with poorer dispersal capacities (Humphrey et al., 2002) . In addition to stump age, the successional stage of the stand (i.e. retention cut, mature managed or old-growth) affected the species composition on both stumps and FWD.
Impact of prescribed burning on epiphytic lichens
Although approximately half of the species observed in studies III and IV were also found on charred wood or bark, the recovery of epiphytic lichens after fire appears to be fairly slow and the overall impact of fire on species richness was still negative 11-12 years after burning (III, IV). However, the impact of fire varied among stand and substrate types: the total species richness on both retention trees and old stumps (at the stand scale) was lower on burned than unburned harvested sites, whereas on the control sites the species richness increased slightly after burning (III, IV). This increase was mainly caused by a higher richness of common macrolichens, such as Cladonia spp. (III, IV), which may have benefited from the higher light levels that resulted from canopy openings (Boudreault et al., 2013) . Furthermore, fire intensity was lower on the controls compared to the harvested sites, as the control sites lacked easily flammable logging residues. Lower fire intensity and higher structural variety on the control sites could enhance lichen survival rates by increasing the number of unburned refugia, which have previously been found to reduce the mortality of bryophytes (Hylander and Johnson, 2010) and lichens (Wolseley and Aguirre-Hudson, 1997 ) during a fire.
The response to fire also varied among lichen species, which can be seen by the very notable difference in species composition on both trees (III) and stumps (IV) between burned and unburned sites. As in the case of harvest, microlichens seemed to be more sensitive to burning than macrolichens: several microlichen species, such as Calicium, Chaenotheca and Mycoblastus spp. were less frequent on the burned sites (III, IV). A similar effect of morphology was observed by Johansson et al. (2006) , who suggested that the vulnerability of epiphytic microlichens is due to their association with shady habitats, such as tree bases, which are greatly affected by fire. However, this does not explain why microlichens were found to suffer more from burning than macrolichens in studies III and IV, since in these cases fire intensity should not have varied notably within the studied substrates (e.g. within old stumps).
Even though the overall impact of fire on lichen richness was negative, certain species seemed to also benefit from the burning on the harvested sites. The species number on new stumps (at both the stand and stump scale) was slightly higher on burned sites due to efficient colonization by common pioneer species, such as Parmeliopsis ambigua (Hoffm.) Nyl. and Trapeliopsis granulosa (IV). Common lichen species have also shown efficient colonization on charred wood over similar timescales (i.e. 8-13 years) after a fire (Eversman and Horton, 2004; Johansson et al., 2006) . However, the common species were the only ones that benefited from the fire. Of the eight Red-Listed species observed on the experimental study sites, only two (Alectoria sarmentosa and Cladonia parasitica) occurred on the burned sites (III, IV). Moreover, none of the lichen species previously regarded as preferring charred wood were found on the burned sites. However, these species may require a longer time for colonization after fire: for example, Carbonicola spp. and Hertelidea botryosa have been observed on old, charred stumps in mature forests (Grossmann, 2014; Källén, 2015) instead of fresh charred wood. In accordance with these previous observations, H. botryosa was found on unburned sites on old, charred stumps that originated from past fires on the sites (IV). However, Carbonicola spp. were not observed on any of the study sites (III, IV).
Implications for forest management
Retention forestry and prescribed burning
In comparison to clear-cuts, retention forestry appears to promote epiphytic lichen species richness on harvested sites in pine-dominated boreal forests. However, the outcome of retention forestry depends on the post-harvest dynamics of the retained trees, as a continuity of living trees and dead wood needs to be maintained to sustain lichen species richness. The "life-boating" function of retention forestry, which is very relevant for epiphytic lichens, is compromised by high tree mortality (Bladon et al., 2008) . Furthermore, high mortality reduces the habitats of species associated with living trees and disrupts dead wood continuity. In addition to the mortality rate, the mode of tree death is important: snags and logs, which represent different habitats for deadwood-dwelling lichens, should be provided on the harvested sites. Given the high rate of tree fall observed in studies I and II, a scarcity of logs is not likely; instead, care should be taken to provide a sufficient number of snags, especially as epiphytic lichens may prefer snags over downed dead wood (e.g. Kuusinen and Siitonen, 1998; Humphrey et al., 2002) .
The retention level is important for the continuity of living trees and dead wood, and for the survival of forest-dwelling species on the harvested site. The survival of species has been observed to be positively related with retention tree density , but the studied retention levels in this thesis; 10 and 50 m 3 ha -1 , were found to support a similar richness of epiphytic lichens. However, the higher retention level is more favorable from the point of habitat continuity, since it has the potential to maintain adequate levels of living trees and dead wood on the harvested site over a longer period: given the observed mortality patterns in study I, a shortage of these substrates is very likely at a retention level of 10 m 3 ha -1 or less. Therefore, even though the lower retention level was sufficient to sustain lichen richness on a 10-year timescale, a higher level is required to support this richness over an extended period. The establishment of a specific threshold for a sufficient retention level is difficult; however, it is clear that the current retention levels in Finland, approximately 4 m 3 ha -1 in privately-owned and 6 m 3 ha -1 in state-owned forests (Siitonen and Ollikainen, 2006) , are far too low to sustain an adequate supply of living and dead trees on a stand scale over a longer time period. Tree-level factors, such as tree species, diameter and location, were shown to affect postharvest mortality and tree fall patterns, and could thus be a useful selection tool in determining appropriate trees to retain. The retention of large pines, which showed the lowest mortality rates, particularly on burned sites, seems to be a good strategy if the aim of retention is to maintain a continuity of living trees. Pines also provided a higher proportion of snags than deciduous trees or spruces, which had a higher risk of tree fall. However, the selection of retention trees should be based not only on the predicted tree dynamics, but also on the habitat value of the trees (e.g. Perhans et al., 2014) . Ideally, all tree species should be included as retention trees to provide diverse habitats . Large trees, both living and dead, are considered more valuable for biodiversity, since they host specialized species that do not occur on smaller trees. Moreover, epiphytic lichen richness generally increases with host tree age and size (Lie et al., 2009) . Still, the retention of only large-diameter trees may not be the best strategy. Rather, retention of a variety of differentsized trees may be a better approach to ensure that tree deaths are spread out over time, providing a continuous supply of fresh dead wood (Runnel et al., 2013) and living trees (Schei et al., 2013) .
Even though retained Scots pines and their dead wood legacies have the potential to enhance epiphytic lichen diversity in managed forest landscapes, it is important to note that they were not able to maintain all the forest-dwelling lichen species on the harvested sites. Some of the observed species only occurred on the uncut control sites, and the same has been found to apply to other species groups as well (Fedrowitz et al., 2014) . Therefore, in addition to the retention of trees and other structural legacies on clear-cuts, maintenance of larger intact forest areas is also required in order to maintain the diversity of the forest-dwelling species. From the viewpoint of maintaining diverse epiphytic lichen assemblages in boreal managed forests, retention measures can thus be seen as an important complementary tool that also requires additional measures to safeguard species.
Prescribed burning compromises the life-boating function of retention forestry by reducing the species richness of epiphytic lichens, and also drastically increases tree mortality rates. Therefore, burning should preferably be avoided on sites with high lichen richness. However, despite its initial negative effect on epiphytes, burning has otherwise positive effects on forest biodiversity: it is clearly beneficial for other species groups, for example saproxylic beetles and polypore fungi (e.g. Hjältén et al., 2010a; Penttilä et al., 2013) , and in regions where wildfires are currently suppressed, prescribed burning is necessary for supporting populations of fire-related species. Furthermore, if applied in combination with a sufficiently high retention level, such as the 50 m 3 ha -1 level studied here, prescribed burning can result in low tree mortality and create more diverse dead wood habitats than retention forestry alone without disrupting the dead wood continuity. The application of prescribed burning to part of the harvested sites could thus increase habitat diversity and, consequently, also epiphytic lichen richness at the landscape scale.
Biofuel harvest
The importance of stumps for epiphytic lichens depends on the landscape-level availability of other dead wood habitats (Lamers et al., 2013) . If the dead wood volume is as low as currently found in Fennoscandian managed forests, large-scale stump harvest might have a significant negative impact on dead wood-dwelling lichens. For example, in a recent evaluation in southern Sweden by Svensson et al. (2016) stumps were found to be the major substrate for approximately half of the observed dead wood-dependent lichens. In addition to the removal of stumps, biofuel harvest often leads to the destruction of old CWD, such as logs and windthrows as a side-effect (Rabinowitsch-Jokinen and Vanha-Majamaa, 2010); this intensifies the harmful impact on lichen populations, because these woody substrates can be even more valuable lichen habitats than stumps (IV). Thus, to mitigate the potential negative effects on epiphytic lichens, part of the clear-cut stands should be retained outside stump harvest. Preferably, these should also have a high tree retention level, as stumps on such stands were found to host higher lichen species richness. How large the proportion of stands outside the stump harvest should be, and how the stands should be located in order to guarantee habitat continuity for deadwood-dwelling species has yet to be estimated.
In contrast to stumps, the harvest of FWD could likely occur without significant effects on the lichen assemblages assuming that old dead wood is retained during the harvest. However, it is important to note that FWD may still be important for other species groups; for example, several polypore species are confined to small-diameter wood (e.g. Nordén et al., 2004) and would consequently suffer from a large-scale slash harvest.
CONCLUSIONS
Based on my results, harvested sites in pine-dominated boreal forests proved to be suitable habitats for a majority of the observed epiphytic lichen species 11-12 years after harvest, provided that suitable substrates, such as retention trees or their dead wood legacies were continuously available on the sites. Still, the succession of epiphytic lichen assemblages on retention trees or stumps over longer timescales after harvest has not been studied so far. Fairly high retention levels may be required in order to maintain a continuity of living trees and dead wood within a harvested stand, especially when retention forestry is applied in combination with prescribed burning.
It is also noteworthy that this thesis did not cover issues on landscape-level management. If retention volumes at the stand-level are very low, habitat continuity could still be maintained at a landscape level. Higher landscape-level retention, together with good connectivity between the retained patches could compensate for low retention levels on the individual stands. However, such landscape-level planning may be only relevant for species with relatively good dispersal capacities, while species with poor dispersing capacities may still require habitat continuity within one stand. As relatively little is still known about the dispersal distances of epiphytic lichens, further studies are needed to determine the relevance of such landscape-level planning for them. For a comprehensive evaluation of the outcome and biodiversity effects of measures such as retention forestry or biofuel harvest, it is necessary to assess the impacts both at the stand-and landscape-scale, including, for example, species' dispersal abilities. This study has provided data on the stand-level impacts and has shown how these could be accounted for in forest management.
In summary, an understanding of the biodiversity impacts of different forest management methods is essential for the evaluation of the ecological sustainability of forest use. The impacts of intensified forest use (in the form of biofuel harvest) as well as two methods that aim at more sustainable forest management were examined in this thesis. All activities were found to have potential impacts on the epiphytic lichen assemblages: harvest of stumps could threaten dead wood-dwelling lichens in particular, while retention forestry has the potential to increase the lichen species richness on harvested sites and possibly compensate for the negative effects of stump removal, by providing snags and logs for dead wood-dependent species. However, the retention tree dynamics and resulting structural patterns can vary depending on the retention level, application of prescribed burning and tree-level characteristics, which is important to consider when planning for retention harvest and estimating its potential benefits. Finally, prescribed burning of harvested sites decreases epiphytic lichen richness at the stand scale, especially when retention levels are low, but may increase it at the landscape scale, provided that the most valuable, lichen-rich stands are left outside the burning area.
